A B S T R A C T Cirrus cloud genesis is an inherently multiscale and non-linear problem. The synoptic scale provides the environment, the mesoscale determines the forcing and the actual nucleation events occur on a microscopic scale. This makes the parameterisation in numerical weather prediction models a challenging task. In order to improve the prediction of cirrus clouds and ice supersaturation formation in the German Weather Service (DWD) model chain, the controlling physical processes are investigated and parameterised in a new cloud ice microphysics scheme. The new scheme is an extended version of the ice-microphysical scheme operational in the numerical weather prediction models of DWD. The developed two-moment two-mode cloud ice scheme includes state-of-the-art parameterisations for the two main processes for ice formation, namely homogeneous and heterogeneous nucleation. Homogeneous freezing of supercooled liquid aerosols is triggered in regions with high atmospheric ice supersaturations (145Á160%) and high cooling rates. Atmospheric small-scale fluctuations are accounted for by use of the turbulent kinetic energy. Heterogeneous nucleation depends mostly on the existence of ice nuclei in the atmosphere and occurs primarily at lower ice supersaturations. Thus, heterogeneously nucleated ice crystals deplete ice supersaturation via depositional growth and can therefore inhibit subsequent homogeneous freezing. The new cloud ice scheme accounts for pre-existing ice crystals, contains a prognostic budget variable for activated ice nuclei and includes cloud ice sedimentation. Furthermore, a consistent treatment of the depositional growth of the two-ice particle modes and the larger snowflakes is applied by using a relaxation time scale method which ensures a physical representation for depleting ice supersaturation. The new cloud ice scheme is used to identify the relative roles of heterogeneous and homogeneous nucleation in the formation of cirrus clouds and ice supersaturation. A parcel model is used in order to investigate the differences between the operational and new cloud ice scheme. The time scales for the homogeneous nucleation event and for the depositional growth are emphasised. The importance of the new ice nucleation scheme is demonstrated by conducting idealised simulations of orographic cirrus in the COSMO (Consortium for Small-Scale Modeling) model environment.
Introduction
Cirrus clouds significantly influence the radiative properties of the atmosphere and have a high impact on climate and weather (Liou, 1986) . Consequently, cirrus cloud parameterisations used in numerical weather prediction (NWP) models have been a target of growing attention. Through high performance computing and higher grid resolutions, important processes can be explicitly modelled and less limiting assumptions are needed. These improvements lead to the possibility to represent the microphysical processes in a more complete and sophisticated way in NWP models.
Anthropogenic effects on climate are increasing in importance, for example, through the impact of airplanes on climate change. When airplanes fly through regions with ice supersaturated air, climate-impacting condensation trails (contrails) can form (Schumann, 2002) . Soot from the aircraft emissions is thought to be the dominant aerosol for contrail formation (Heymsfield et al., 2010) . Contrails can also form in already existing cirrus clouds, making the previously formed cirrus more opaque. The influence of *Corresponding author. email: carmen.koehler@dwd.de Responsible Editor: Annica Ekman, Stockholm University, Sweden. Tellus B 2015 . # 2015 C. G. Ko¨hler and A. Seifert. This is an Open Access article distributed under the terms of the Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/), allowing third parties to copy and redistribute the material in any medium or format and to remix, transform, and build upon the material for any purpose, even commercially, provided the original work is properly cited and states its license. contrails and contrail-induced cloudiness is of particular interest for climate studies (Burkhardt and Ka¨rcher, 2011) . The possibility of a correct ice supersaturation forecast yields the potential to predict the formation of aircraft induced contrail cirrus (Mannstein, 2008) . Thus, it is of interest to localise the regions of ice supersaturation occurrence in order to conduct flight level changes to reduce anthropogenic cloudiness. For predicting ice supersaturated regions, a physically based representation of cirrus and ice supersaturation in NWP models is desirable. Especially the process of depositional growth of ice crystals has a substantial influence on the depletion of ice supersaturation.
The main mechanisms for cirrus formation are (1) homogeneous and (2) heterogeneous freezing. (1) Homogeneous freezing of pure cloud droplets occurs at approximately (388C (Heymsfield and Sabin, 1989) , but aqueous solutions of droplets freeze homogeneously at temperatures colder than (388C. This takes place in regions of strong vertical updrafts and, in addition to sufficiently low temperature, substantial ice supersaturation is necessary with typical values ranging between 140 and 180% (Kra¨mer et al., 2009) . Homogeneous nucleation of supercooled liquid aerosol particles results in small ice crystal particles with a high number density of n i 00.1Á50 cm (3 due to atmospheric small-scale temperature fluctuations (Hoyle et al., 2005) . (2) Heterogeneous freezing causes the ice crystal particles to be of greater size but of a lower number density than homogeneously nucleated ice crystals (DeMott et al., 1997) . Heterogeneous ice requires the presence of ice nuclei (IN) and can already occur at relatively low ice supersaturations compared to homogeneous nucleation. Consequently, depending on the ambient atmosphere, different nucleation regimes determine cirrus cloud formation, which complicates the parameterisation and numerical implementation of these processes in atmospheric models. Compared to homogeneous nucleation, there are still a lot of uncertainties concerning heterogeneous nucleation and the nucleation characteristics for each IN species (DeMott et al., 2011) . The ongoing debate concerning the influence of IN on cirrus clouds was also addressed in the latest IPCC Report ). An additional challenge for cirrus modelling is posed by the lack of understanding of the respective roles of homogeneous and heterogeneous nucleation for different ambient conditions (Baumgardner et al., 2012) . Results from the 'Cirrus Parcel Model Comparison Project' (Lin et al., 2002) suggest the critical components in cirrus modelling to be the homogeneous nucleation rate and the depositional growth of ice crystals. In particular, the depositional coefficient a d causes the simulations of the depositional growth rate to deviate, as a d controls the water vapour uptake rate. These issues are discussed in the following and sensitivities for cirrus cloud modelling are elucidated.
For example, Morrison et al. (2005a) and Spichtinger and Gierens (2009a) belong to studies describing doublemoment bulk microphysics schemes which describe cirrus formation and account for the two main processes, homogeneous and heterogeneous nucleation. In this study, for a more detailed representation and understanding of the ice nucleation processes, the ice crystals are divided into two different modes originating from homogeneous and heterogeneous nucleation, respectively. Prognostic variables for the number densities are implemented in addition to the mass mixing cloud ice ratios, leading to a two-moment twomode cloud ice scheme. The microphysics scheme of the operational COSMO (Consortium for Small-Scale Modeling) model (Doms et al., 2007) is extended with a more sophisticated parameterisation for homogeneous and heterogeneous freezing. For homogeneous freezing of liquid aerosols, the scheme proposed in Ka¨rcher et al. (2006) was chosen as it includes the competition of both nucleation processes by accounting for pre-existing ice. The operational heterogeneous nucleation scheme, a modified version of Fletcher (1962) , was replaced by the scheme of Phillips et al. (2008) , which includes three classes of aerosols, with the possibility of being coupled to a model aerosol climatology or chemistry models. In this study however, the initial aerosol number concentrations suggested in Phillips et al. (2008) are used. In order to prevent an overestimation as a result of too many available IN, the new cloud ice scheme includes a budget variable to track previously activated aerosol particles. Also, the cloud ice sedimentation scheme proposed in Khvorostyanov and Curry (2005) is implemented. The new cloud ice scheme also contains a physically based deposition/sublimation formulation, where a relaxation time scale approach of the two small-particle cloud ice modes and the larger snowflakes is applied, following Morrison et al. (2005a) .
First, the ice nucleation parameterisations are introduced using a parcel model. These are outlined whilst the changes made for the two-moment two-mode scheme are explained. Varying the initial aerosol number densities and the forcing resulting from different mountain heights, a parameter study with idealised simulations of orographic clouds in the COSMO model environment is conducted. The successive introduction of the budget variable for IN tracking, and the cloud ice sedimentation shows direct effects on the interaction between homogeneous and heterogeneous nucleation.
Parcel model framework
The two-moment two-mode cloud ice scheme is implemented in a parcel model in order to investigate the effects and sensitivities of the different nucleation mechanisms.
The parcel model study serves as a documentation of the new cloud ice scheme. The documented changes include the description of the parameterisations for the heterogeneous and homogeneous nucleation. The depositional growth of ice crystals and its role in the depletion of ice supersaturation are also explained. Afterwards, the entire cloud ice scheme is tested in the parcel model environment, where the emphasis lies on the interaction of both nucleation mechanisms. The simple framework serves as a tool to compare the ice nucleation schemes of the operational COSMO model to the newly implemented cloud ice scheme in a straightforward manner. Further parcel model studies for ice nucleation are, for example, Gierens (2003) , Liu and Penner (2005) , Kay et al. (2006) , Barahona and Nenes (2008) , Eidhammer et al. (2009) and Spichtinger and Gierens (2009a) .
Parcel model setup
An air parcel is studied which is lifted dry adiabatically in upper-tropospheric conditions. Of interest are the ice saturation ratio S i , the cloud ice mixing ratio q i , the ice crystal number density n i , the ice particle radius r i and the resulting cloud ice mass m i . The ice saturation ratio is defined as
with e v and e si being the vapour pressure and the saturation vapour pressure over ice, respectively, where the latter is calculated following Murphy and Koop (2005) . The air parcel rises with a constant velocity w where the adiabatic cooling causes the ice saturation ratio S i to increase. Heterogeneous nucleation can occur at low ice supersaturations if IN are available. Homogeneous freezing can occur at substantially high ice supersaturations which are caused by high cooling rates, mixing or diabatic cooling (Spichtinger et al., 2005) . Once ice crystals have formed, depositional growth decreases the water vapour mixing ratio q v , thereby depleting the ice supersaturation. The initial conditions used in the parcel model are specified by pressure p, temperature T, vertical velocity w and the ice saturation ratio S i . Additional parameters are the time step Dt and the typical number density of liquid aerosol particles (1000 cm ) and background aerosol particles that potentially act as IN (1Á30 dm (3 ). A monodisperse distribution and an initial aerosol particle radius prior to freezing of r i,0 00.25 mm is assumed. The initial particles are considered spherical and thus the mass m i,0 of the ice particles is calculated through
with the ice particle mass density r i 00.925)10 3 kg m The two-moment two-mode cloud ice variables are the ice crystal number densities n i,hom and n i,het with the ice mass mixing ratios q i,hom and q i,het for homogeneous and heterogeneous nucleation, respectively. The temporal evolution of the freezing process is described by a conservation equation for water mass and the temperature equation incorporates latent heat release and adiabatic cooling:
where g 09.81 m s (2 is the acceleration by gravity and c p 01005 J kg (1 K (1 is the specific heat capacity of air at constant pressure. The equations are numerically integrated using the Euler forward scheme.
Parameterisation of heterogeneous nucleation
Heterogeneous nucleation occurs at temperatures above (408C and depends on the existence of IN in the atmosphere. Parameterisations for heterogeneous nucleation have been suggested by, for example, Hoose et al. (2010) and Ka¨rcher and Lohmann (2003) . In the past, empirical parameterisations have been developed in which the IN depend on either ice supersaturation (e.g. Meyers et al., 1992) , temperature, or both. The heterogeneous nucleation parameterisation scheme by Fletcher (1962) , which is currently implemented in an altered form in the DWD models, is temperature dependent. In the following, the modified Fletcher parameterisation is compared to the heterogeneous ice nucleation scheme from Phillips et al. (2008; PDA08 hereafter) .
In the operational models at the DWD, the empirical parameterisation of heterogeneous nucleation only depends on the temperature and does not differentiate between the different nucleation modes; that is, it summarises condensation, immersion, contact and deposition freezing in a single empirical equation. The classical Fletcher formula (Fletcher, 1962) is given by
with n 0 00.01 m (3 and T 0 0273.15 K. The ice crystal numbers resulting from eq. (5) at T: (408C are found to overestimate n i,het by three orders of magnitude and underestimates the IN concentrations by about two orders of magnitude at moderately low temperatures T: (108C (Doms et al., 2004) . In order to counteract underestimations at high temperatures, additional so-called ice enhancement (e.g. ice crystal fragmentation, ice splinter production in riming) is implicitly taken into account.
The operational ice nucleation parameterisation for the number density of ice crystals results in
and is based on a fit to aircraft measurements in stratiform clouds (Hobbs and Rangno, 1985; Meyers et al., 1992) where n 0 0100 m (3 is an empirical parameter (Doms et al., 2007) . Comparisons of the activated IN n IN resulting from eq. (6) and the PDA08 parameterisation are shown in Fig. 1a . This comparison shows that for low supercooling values TB (208C the number of activated IN resulting from eq. (6) are significantly higher than those from the PDA08 scheme. Further comparisons of the resulting cloud ice number densities are illustrated and discussed in Section 2.5. In the parameterisation proposed in PDA08, the number density of heterogeneous cloud ice is derived by using empirical dependencies of aerosol chemistry and accounting for various IN (see Appendix A.1). These are obtained by assuming the number of active IN to be approximately proportional to the aerosol's total surface area. The data used is constrained by measurements with a continuous flow diffusion chamber (CFDC). The PDA08 heterogeneous nucleation scheme explicitly distinguishes between inorganic black carbon (BC), insoluble organic carbon (O) and dust/ metallic (DM) aerosols. The explicit handling of aerosol modes permits a future coupling to aerosol model climatologies. In this work, the initial number densities for the IN are set as proposed in PDA08, namely n DM 0162 dm , which are based on six field campaigns. Sensitivity studies concerning these initial IN values and their influence in NWP models will be conducted in the idealised simulations in Section 4. The activated IN number densities, which result from the PDA08 scheme for the deposition and condensation/immersion modes in dependence of supersaturation over ice and supercooling, are depicted in Fig. 1 , respectively. Comparisons presented in PDA08 show that the resulting number concentrations for heterogeneously nucleated ice crystals are in the same range as the Lohmann and Diehl (2006) , Liu and Penner (2005) , Khvorostyanov and Curry (2004) and Meyers et al. (1992) schemes. A validation and further discussions of this scheme can be found in Eidhammer et al. (2009) and Phillips et al. (2009) . Phillips et al. (2013) suggest an improved approach of this heterogeneous nucleation scheme, but in this study the original PDA08 scheme is used. A comparison of the latter and the revised heterogeneous nucleation schemes with respect to soot can be found in Yun et al. (2013) . Differences in soot properties and coating can strongly alter the ice nucleation abilities. The idea that soot is an important or even dominant IN is also questioned by recent studies, for example in Czizco et al. (2013) . For our study, however, the attribution of IN to specific species is not important, as only the sum of the activated IN is considered and sensitivity studies are conducted for the total number of IN, but not for the individual aerosol species. activated ice nuclei in dm -3 activated ice nuclei in dm -3   0  10  20  30  40  50  60  0  10  20  30  40  50  60 mod. Fletcher (1962) 
Parameterisation of homogeneous nucleation
Homogeneous freezing of liquid aerosols is considered to be the dominant mode in cirrus formation below (358C (Sassen and Dodd, 1988 ). Yet, in the NWP models at the DWD, and most cloud resolving models, (see for example Thompson et al. (2004) ) only homogeneous freezing of cloud water at temperatures below (378C is accounted for, while freezing of liquid aerosols is not yet included in the microphysical scheme. Various parameterisations for general circulation models exist [e.g. Barahona and Nenes (2008) and Ka¨rcher and Burkhardt (2008) ]. The homogeneous nucleation parameterisation of choice used in this work is based on Ka¨rcher et al. (2006; KHL06 hereafter) with additional criteria for triggering the nucleation event.
The KHL06 scheme is chosen as it includes the competition of both nucleation processes through accounting for preexisting ice. Also, it is most appropriate for our application, that is, the range of scales we are targeting. The KHL06 homogeneous nucleation scheme also performs well in comparison with the reference scheme based on Koop et al. (2000) . As heterogeneous nucleation occurs at warmer temperatures, that is, T! (408C, pre-existing heterogeneously formed ice crystals can reduce ice supersaturation before homogeneous freezing can set in. An overestimation of heterogeneously formed ice crystals by an ice nucleation scheme can lead to a suppression of homogeneous freezing. The pre-existing heterogeneously formed ice crystals deplete the existing ice supersaturation and thus prevent subsequent homogeneous nucleation. The KHL06 parameterisation accounts for the resulting competition between the homogeneous and the heterogeneous nucleation processes. This is done by using a fictitious vertical velocity w p which accounts for pre-existing ice particles (see Appendix A.2.II). As lower velocities cause lower ice supersaturations, reducing the velocity has the same effect as nucleated crystals that deplete the saturation due to depositional growth. Following KHL06, homogeneous nucleation is only triggered if the model updraft w is larger than the fictitious vertical velocity w p . Thus, in the case of wBw p any further nucleation is suppressed. The fictitious vertical velocity w p and basic equations from the KHL06 scheme are given in Appendix A.2.II.
The challenge to correctly capture the homogeneous nucleation event in mesoscale models lies in the differing time scales. The time scales relevant for modelling the nucleation event consist of the model time step Dt, the point in time at which the homogeneous nucleation event commences t cr , the duration of the freezing event t freez and the time period for the ice crystals to relax the ice supersaturation to a quasi-steady state, that is, the time scale for depositional growth t dep . These three time scales and t cr are depicted in Fig. 2 (Baldauf et al., 2011 ) with Dt 025 s and for the global model GME (Majewski et al., 2002) Koop et al. (2000) and also used in KHL06. The time at which S i,cr is reached is calculated by
where L s is the latent heat of sublimation, M w the molecular mass of water, R the universal gas constant and M the molecular mass of air. The characteristic time scale from Ka¨rcher and Lohmann (2002) for the duration of the homogeneous nucleation event is
In eq. (9), J is the nucleation rate and c represents a fit parameter. In KHL06 it is allowed for c to range between 0.8 and 1.5 depending on the ambient temperate, while Ren and MacKenzie (2005) 
Combining eq. (8) and eq. (10) determines the onset (at t cr ) and end (at t cr 't freez ) of the nucleation event. However, using eq. (9), the freezing event is found to be too short. This is shown by comparing t freez from eq. (10) to the duration of the freezing event simulated by the Koop parameterisation. The latter scheme is hereby considered to be the 'truth' as it uses a diagnostic nucleation rate based on a classical nucleation scheme and the ice crystal number density is explicitly calculated (see Appendix A.2.I). The time intervals of the freezing event from the Koop and the KHL06 scheme for T0220 K and w01Á1000 cm s (1 are depicted in Fig. 3 . The time scale t freez from KHL06 is lower by a factor of 10 than t freez from the reference simulation (Koop et al., 2000) , green and red line in Fig. 3 , respectively. Multiplying t freez by a factor of 10 results in the modified KHL06 depicted by the blue line in Fig. 3 . The introduction of this factor for the duration of the freezing event can be justified by the extended time it takes for an air parcel to reach equilibrium as opposed to a single ice crystal. Consequently, the nucleation event starts at t cr and ends at t cr '10t freez . The nucleation event is thus completely captured within the next model time step if Dt!(t cr '10t freez ). It is crucial to include the longer freezing time scale, as t cr becomes negative as soon as the nucleation event commences. In order to ensure that the ice supersaturation still lies above the critical ice supersaturation ratio in the next model time step, it is estimated by extrapolation (cf. KHL06)
which also accounts for pre-existing ice crystals represented by the term w p . Thus t cr '10t freez determines when and for how long a nucleation event occurs. The nucleation event takes place at the current time step only if the ice supersaturation is still above its critical value after the next model time step, that is, S i (t'Dt) !S i,cr . In summary, the homogeneous nucleation event is triggered if all of the three following conditions are fulfilled simultaneously:
2Þ t cr þ 10s freez BDt (13)
While (1) is already a predefined condition from KHL06, points (2) and (3) are newly implemented. These conditions lead to a physically based approach to capture the characteristic ice supersaturation overshoot occurrence in the parcel model, which is important for NWP models with a model time step of Dt :t freez . Using only the original criteria from KHL06, namely, that the ice supersaturation exceeds S i,cr together with eq. (12), would cause the nucleation event to be triggered too soon. Higher ice supersaturation values are possible through the extension of the criteria from eqs. (13) and (14), which is in accordance with the results from the Koop parameterisation and illustrated in Fig. 2 . Through the new requirements eqs. (13) and (14) homogeneous freezing events are less frequent and the ice supersaturation attains higher values. The comparison of the KHL06 scheme including the modification for the triggering of the homogeneous nucleation event to Koop et al. (2000) is shown in Fig. 2 . A parcel model time step of Dt 01 s and an adaptive time step around the nucleation event was used for the Koop et al. (2000) parameterisation. The parcel model was run with the time step Dt01 s for the KHL06 and the modified KHL06. It can be seen that the ice saturation curve shows the same behaviour for the explicitly resolved Koop et al. (2000) scheme as for the modified KHL06 scheme. Only implementing the KHL06 scheme would have caused a triggering of the nucleation event as soon as S i,cr is reached. In Haag et al. (2003) this higher peak in S i above S i,cr is explained as a non-equilibrium effect which increases with decreasing temperature. This is due to slower ice particle growth and continuous cooling during the constant lifting of the parcel. Higher cooling rates result in a stronger non-equilibrium effect. Yet a stronger vertical updraft would result in a smaller freezing time interval when eq. (10) is used. The asymptotic value for t0 of the ice saturation ratio in Fig. 2 does not reach S i 01 due to the ongoing cooling of the air parcel resulting from the constant updraft. Through the new conditions listed as eqs. (13) and (14) the scheme becomes robust for larger time steps and the overshoot is captured. These conditions only hold under the assumption that the vertical velocity is sufficiently constant. Events might be missed for cases with high frequency fluctuations in the upper troposphere nucleation.
Due to the physically based behaviour, the KHL06 parameterisation became the scheme of choice and with the modifications it is robust enough for operational applications at a wide range of time steps. After the freezing event, the depositional time scale depicted in Fig. 2 becomes increasingly important.
Depositional growth
After nucleation sets in, the further development of the ice crystals is dominated by diffusional growth. The latter is coupled with the release of latent heat, causing an increase in buoyancy, which potentially increases vertical motion. This in turn directly affects the supersaturation, as it increases the water vapour supply for diffusional growth. This feedback motivates the necessity of an accurate physical description. The equations currently accounting for deposition in the DWD models will be explained and compared to different kinetic and thermodynamic approaches for spherical and hexagonal ice crystals. The resulting depositional time scales, along with a physical treatment for the ice crystal modes, will be discussed thereafter.
2.4.I. Kinetic and thermodynamic formulation. The time derivative of the cloud ice mixing ratio q i with respect to depositional growth and for the ice mass m i for an individual ice crystal is
where f (x, y, z, r i , t) denotes the size distribution and f f (x, y, z, r i , t) dr i the ice crystal number density. In the ice microphysics scheme, the size distribution is assumed to be monodisperse, which simplifies the expression in eq. (15) to
There are two different ways of formulating the depositional growth equation, namely the kinetic and thermodynamic formulation. The kinetic formulation is based on gas kinetics, where the statistical properties of molecules are considered. The thermodynamic formulation is based on macrophysical quantities and equilibrium states. These are equivalent formulations. However, for smaller ice crystals the kinetic formulation is favoured, while for larger ice crystals the thermodynamic formulation is commonly used. As discussed in Appendix B, the kinetic formulation for the change in cloud ice mixing ratio for the homogeneously nucleated ice crystals due to depositional growth is used.
For the larger, heterogeneously nucleated ice crystals the thermodynamically formulated depositional rate used in the regional COSMO model and global GME includes the form factor for hexagonal plates a i,m 0130 kg m (Howell, 1949 ) H i incorporates the effects due to the difference in ambient air and drop temperature and thus thermal diffusivity
where
An extensive derivation and discussion can be found in Appendix B. In the following, the relationship between the kinetic and thermodynamic formulation is shown.
The question is to what extent the kinetic and thermodynamic formulation and ice crystal habit, that is, spherical or hexagonal plate, influence the ice crystal growth. In Fig. 4 the time evolution of ice crystal radii for the different depositional growth approaches is depicted in dependence of ambient atmospherical conditions favouring homogeneous (Fig. 4a) or heterogeneous (Fig. 4b) nucleation. The choice of the deposition coefficient a d for the kinetic formulation from Ka¨rcher and Lohmann (2002) is tested for a d 00.5 and a d 00.05. The deposition coefficient is one of the most uncertain parameters of the process and is especially important in the kinetic regime . Typical values for a d range from 0.005 to 1, where values lower than 0.1 lead to an insufficient depositional growth resulting in high cloud ice number concentrations and high ice supersaturations (Harrington et al., 2009 ). The spherical and hexagonal plate based on Khvorostyanov and Sassen (1998b) eq. (65) and the Howell formulation eq. (19) are considered for the thermodynamic approaches, respectively. For this plot the parcel model time step is set to Dt01 s and the air parcel is at rest, that is, with no updraft, where only the initial setting distinguishes the nucleation scenarios.
First, the evolution of an ice crystal with an initial radius of r i,0 01 mm resembling a homogeneous nucleated ice crystal size as shown in Fig. 4a is discussed. As diffusional growth occurs after the nucleation event is triggered, the critical ice supersaturation ratio eq. (7) is used for calculating the initial value for ice supersaturation for homogeneous freezing, which is S i,cr 01.58 for T0200 K. The constant ice crystal number density n i 010 cm (3 is prone to occur in gravity wave scale updrafts of w:10 cm s Heterogeneous scenario The change in ice crystal radii over time for the (a) homogeneous and (b) heterogeneous scenario for the kinetic and thermodynamic depositional growth rates is depicted. For the homogeneous scenario, the initial ice crystal radius is r i,0 01 mm, the ice crystal number density is set to n i 010 cm (3 , and the temperature is T 0200 K. In the heterogeneous nucleation scenario, the initial ice crystal radius is r i,0 050 mm, the constant ice crystal number density is n i 010 dm (3 , and the temperature is set to T 0240 K. The pressure is p0240 hPa for both scenarios. The dark and light blue lines show the influence of the deposition coefficient on the kinetic depositional growth rate. The ice crystal radii resulting from thermodynamic depositional growth rate considering spherical ice particles and hexagonal plates are shown in orange and red, respectively.
lower efficiency of diffusional growth with a lower deposition coefficient, causing ice supersaturation to reach higher values due to the slow depletion. Using the critical nucleation threshold is not as simple for the heterogeneous freezing scenario, and it varies for different IN species. Thus for heterogeneous freezing conditions, the simplified freezing threshold
is applied based on Khvorostyanov and Curry (2004) , where L ef m is the effective latent heat of melting for which the approximation given in Khvorostyanov and Curry (2009) is used.
with T c in 8C and the dimensionless coefficients c L0 079.7, c L1 00.333, c L2 0(2.5 )10 (3 and c L4 00.8 )10 (7. The critical ice saturation ratio for heterogeneous nucleation then results from S i,cr 0S w,cr e sw /e si and yields S i,cr 01.28 for T0240 K. The initial ice crystal number density is n i 010 dm , with the radius growing from r i,0 050 mm to r i 0115 mm in 3500 s. As can be seen in Fig. 4b , there are no great differences between the kinetic, thermodynamic, spherical or hexagonal formulations.
Essentially, the kinetic formulation for diffusional growth shows a higher sensitivity towards the efficiency of the ice supersaturation depletion. While the larger heterogeneous particles accumulate more mass, the radius of the smaller homogeneous ice grows faster in comparison. Thus for homogeneously frozen ice crystals with small ice particle sizes comparable to the mean free path of air molecules, it is advisable to use the kinetic eq. (62). The thermodynamic approach coupled with the Howell factor as described by eq. (19) is applied to heterogeneous hexagonal ice crystal plates. These differences for the depositional growth motivate a coupled approach to model the competition between heterogeneously and homogeneously formed ice crystals for the available water vapour in an ice supersaturated environment. The coupled approach is pursued by use of the depositional growth time scales and investigated next.
2.4.II. Depositional growth time scale.
A physical description for depositional growth is desirable, as it plays an important role in the depletion of ice supersaturation. The competition for water vapour between ice crystals developed by either homogeneous or heterogeneous freezing determines the ice particle number (DeMott et al., 1997) . The competition highly depends on the time scale of diffusional growth for either cloud ice mode. The deposition time scale t dep was depicted in Fig. 2 and will be analysed subsequently.
The ice microphysics scheme in the NWP models of the DWD includes a limiter for the deposition rate. The maximum deposition rate is (q v Á q v,si )/Dt in order to prevent more water vapour to be depleted than available after the depositional growth rate has been calculated. The use of such limiters motivates a more physical formulation of the depositional growth rate. Thus, it is desirable to distinguish the ice modes and to treat the depositional growth rates separately. A relaxation approach of the supersaturation towards an equilibrium state was already discussed in Gierens (2003) , Korolev and Mazin (2003) , Ka¨rcher and Burkhardt (2008) , as well as Wang and Penner (2010) . However, the phase relaxation approach proposed in Morrison et al. (2005a) for high-resolution cloud models additionally includes the interaction between the hydrometeor species. This approach is adapted to the two-moment two-mode ice nucleation parcel scheme, where the number density n i,x and cloud ice q i,x are treated separately for x # {hom, het}, respectively. The time scale indicates the ability of the air parcel to absorb vapour and the phase transition of vapour to ice. In this section, only the depositional time scale for cloud ice is accounted for, whereas later simulations include the further interaction of the depositional growth of snow [see eq. (38)]. The resulting equation for the depositional growth rate for the two-ice modes with their freezing time scales t dep,x yields
where x is the general conjoined relaxation time
An interaction of the ice phases is accounted for through the joint time scale x. The depositional time scale is
The coupling of the diffusional relaxation time scales of the water vapour dependent ice phases thus serves as a more physical description. Also, a differentiation between the kinetic treatment of homogeneous spherical ice [eq. (62) ] and the thermodynamic regime for hexagonal heterogeneous crystals [eq. (19) ] is applied.
Because the change in cloud ice mixing ration with respect to deposition depends on q i , n i and r i as seen in eq. (17), the time scales for different mean ice crystal radii and number densities are investigated. In Fig. 5 the depositional time scale
is depicted for T0240 K using the thermodynamic Howell equation (Howell, 1949) with hexagonal ice crystal shapes from eq. (19). The analogous change in ice crystal radius is depicted in Fig. 4b . Values for the time scales vary between t dep,x 00.24 s for r i 0500 mm and n i 010 4 dm (3 and longer relaxation times of t dep,x 0322 hours for r i 01 mm and n i 01 dm . This shows how larger ice crystal radii and higher number densities reduce the depositional growth timespan. Ice crystal phase relaxation time scales are also noted in Table A1 from Khvorostyanov and Sassen (1998a) based on the thermodynamic approach with spherical particles, that is, t dep 0(4pD v n i r i )
(1 . A comparison shows that t dep,x shown in Fig. 5 is about 70% smaller than the time scales from Khvorostyanov and Sassen (1998a) . This discrepancy is based on differing approximations of the diffusion coefficient D v of water vapour in dry air. The formulation used in the parcel model was proposed by Pruppacher and Klett (1997) and is temperature and pressure dependent. It results in much higher D v values for low atmospheric pressures than only temperaturerelated descriptions assuming sea level pressure, as used in Khvorostyanov and Sassen (1998a) . Using the depositional relaxation time scales in the new cloud ice scheme leads to a more physical approach and more realistic ice supersaturation values. The connection of the relaxation time scale to the quasi-stationary ice supersaturation state is approximated by Khvorostyanov and Sassen (1998a) with
The equilibrium value thus results from the vertical updraft w in m s (1 and crystal phase relaxation time scale in s.
This shows that intermediate values n i 0100 dm (3 and r i 0100 mm mostly found at the top of cirrostratus (DeMott et al., 1994) have t dep,x 0121 s and (S i Á 1)j eq 01.33% for w010 cm s . This indicates that no subsequent ice formation through homogeneous nucleation would take place and heterogeneous nucleation is dominant in such a regime (Khvorostyanov and Sassen, 1998a) .
Not only the relaxation time scale approach, but also the application of the two-ice modes alters the depositional growth. The new relaxation time scale approach is coupled to the improved cloud ice scheme. This presents a more physical handling of the water vapour available for this process. Also, the possibility of competition for available water vapour between the ice modes and potentially snow is given. In the operational scheme, this was thus far neglected. The diffusional growth for the ice phases was calculated with the Euler forward scheme for time integration independently of each other with a limiter, ensuring that not more water vapour is depleted than available.
Interaction of nucleation processes
In the proposed microphysics scheme, the previously introduced parameterisations for homogeneous and heterogeneous nucleation, as well as the changes for the depositional growth are included. This will allow a competition between the processes, which results in a more realistic approach. Depending on the ambient atmospheric conditions, that is, pressure, temperature, ice supersaturation, number of available IN and vertical velocity, either homogeneous, heterogeneous or both freezing mechanisms are triggered. An important aspect in correctly coupling the homogeneous and heterogeneous parameterisations are the different cirrus properties resulting from either regime. Heterogeneous nucleation potentially becomes dominant in contrail and cirrus regions with weak updrafts (Lin et al., 2002) . Vertical velocities less than 20 cm s
(1 are thought to be where heterogeneous nucleation has the maximum impact on cirrus cloud formation, whereas homogeneous nucleation gains importance at higher velocities (DeMott et al., 1997) . The critical ice crystal number concentration needed in order to suppress subsequent homogeneous freezing is analytically derived by Gierens et al. (2003) , their eq. (21), and also by Barahona and Nenes (2009) mechanisms in cirrus clouds was also investigated with 2-D simulations by, for example, Spichtinger and Gierens (2009b) and Joos et al. (2014) . A main objective in this work is to investigate the different behaviour of the operational parameterisations in the NWP models of the DWD and the new cloud ice nucleation scheme. However, as currently no parameterisation for homogeneous freezing of liquid aerosols is implemented, only the heterogeneous nucleation scheme from PDA08 is compared with the modified Fletcher equation, while for homogeneous freezing the KHL06 scheme with the modified trigger mechanism is used alone (see Table 2 ). In the following, the mutual interaction of the two nucleation schemes is investigated by using the parcel model with ambient temperature T0230 K, pressure p 0220 hPa, constant vertical velocity w040 cm s (1 and model time step Dt 01 s. Three scenarios are considered:
(1) no available ice nuclei (only homogeneous freezing) (2) (heterogeneous and homogeneous freezing).
The model variables S i , n i , r i and q i for the three cases are compared in Fig. 6 , where the green line represents the purely homogeneous freezing, the orange and red lines are the heterogeneous nucleation scenarios, and the light and dark blue lines show the interaction of both freezing mechanisms. In Fig. 6a the development of the ice supersaturation ratio over time is shown. The cloud ice mixing ratio in Fig. 6d results from adding the homogeneous and heterogeneously originated particles together. The mean ice crystal radius in Fig. 6c is defined by r i ¼ n i;hom r i;hom þ n i;het r i;het n i;hom þ n i;het (28) to stress the differences in particle size for the two-ice modes and number densities in Fig. 6b . This definition also explains the gap with abrupt change in Fig. 6c and b . First, the ice supersaturation ratios and ice crystal number densities for the solely heterogeneous and homogeneous nucleation cases are regarded. The latter case is represented by the green line in Fig. 6 . The homogeneous nucleation event is triggered near the critical ice supersaturation ratio S i,cr 01.47 at S i 01.5 (Fig. 6a) and the resulting ice crystal number density is n i 0594 dm . The ice crystal number concentration resulting from the modified Fletcher equation causes all the available IN to be activated at once, reaching the limit n i,het 0100 dm (3 within the first time step (Fig. 6b) , and quickly depletes the ice supersaturation to its asymptotic value (Fig. 6a) . The higher the ice crystal number density resulting from the heterogeneous nucleation, the later homogeneous nucleation is triggered. This clearly shows the competition between decreasing ice supersaturation due to existing ice crystals and its increase because of the air parcel's constant lifting, depicted in Fig. 6a . The ice crystal radius (Fig. 6c ) plays a great role as well, as the larger heterogeneous ice particles grow slower than the smaller homogeneous ice crystals, but deplete the ice supersaturation quicker due to their larger surface area. This is clearly depicted in Fig. 6a as the heterogeneously nucleated particles from the modified Fletcher equation cause homogeneous freezing to be postponed. The cloud ice mixing ratios q i are shown in Fig. 6d . While there are great differences in q i for all cases under 2000 s, afterwards they asymptotically approach the dashed black line, which is the cloud ice mixing ratio for saturation q i,sat . This result already indicates that for regions with mature cirrus clouds or with persistent updraft, the cloud ice mixing ratio is going to be similar for all ice nucleation schemes. Yet in Fig. 6d for tB2000 s the discrepancy between the schemes is the most pronounced, which leads to the conclusion that the new ice nucleation parameterisations have the greatest impact on cirrus clouds that have not yet reached thermal equilibrium. In particular, the cloud ice mixing ratios from the heterogeneous nucleation case depicted by the red and orange line in Fig. 6d differ to a large extent. Choosing the modified Fletcher's equation (red line), as the NWP models of the DWD currently do, the cloud ice mixing ratios are overestimated for t B1000 s.
In summary, homogeneous freezing produces ice particles with smaller radii but larger number densities, while heterogeneous nucleation generates larger but fewer ice particles. Consequently, the choice of ice nucleation parameterisation needs to be carefully considered. This choice is especially crucial for the cloud properties of nonequilibrium cirrus.
COSMO model framework
In order to fully understand the microphysical processes in cirrus clouds, it is important to perform high-resolution simulations in an NWP model environment. Thorough tests of the new cloud ice nucleation scheme in a parcel model were followed by idealised simulations with a horizontal resolution of 1 km. The advantage of such simulations lies in the well-defined environment where modifications can be performed in a straightforward manner. By varying the initial values, sensitivities can be better understood and parameter studies conducted. Fig. 6 . Parcel model simulations with the initial values for the temperature T 0230 K, the pressure p0220 hPa and the vertical velocity w 040 cm s
(1 , which reveal the characteristics of homogeneous and heterogeneous nucleation, as well as their interaction. The KHL06 homogeneous nucleation scheme is used, combined once with the heterogeneous schemes applying the modified Fletcher equation and once with PDA08. Different confining maximum values for n i,het and n i,hom lead to the competition between the two processes (light and dark blue symbols), purely homogeneous freezing (green line) and solely heterogeneous nucleation (orange and red lines for PDA08 and the modified Fletcher equation, respectively). In (a) the ice supersaturation ratio, (b) the ice crystal number density, (c) the ice crystal radius and (d) the cloud ice mixing ratio for the two modes are shown. In (d) the cloud ice mixing ratio for saturation is depicted by the dashed black line.
The new nucleation parameterisations are implemented in the two-category ice cloud scheme that is currently operational in the COSMO. A brief overview and the basic model equations are given. Further modifications were included for a more physical description of the ice controlling factors. These include fluctuations of the vertical velocity, a budget variable for activated IN and sedimentation of ice crystals. Furthermore, the new treatment for the diffusional growth of cloud ice from Section 2.4.II is extended by snow.
The relevant processes in the COSMO concerning cloud ice will be discussed as described in the COSMO documentation (Doms et al., 2007) . The bulk-water continuity model is based on the prognostic equations for the mass mixing ratios of the different hydrometeors: cloud water q c , cloud ice q i , rain q r and snow q s in kg kg 
where j # {c, i, r, s} and S j are the cloud microphysical sources and sinks per unit mass of moist air. 
with k # {i, c} and m # {s, r}. The advection terms A T , A q k , and A q m also summarise other processes, for example, turbulent diffusion. The term L v states the latent heat of evaporation and c pd the specific heat capacity for dry air. As cloud ice is of primary interest in this work, the source and sinks for this category are described in detail below.
Two-moment two-mode variables
Additional prognostic model variables are implemented in order to better treat the homogeneous and heterogeneous ice nucleation processes. The mass fractions are treated separately for the heterogeneous and homogeneous evolved cloud ice modes. The changes of the cloud ice mixing ratios q i,x and ice crystal number densities N i,x with x # {hom, het} are calculated by use of the source and sink terms stated in Table 1 .
where " x c is the average mass of cloud droplets and " x i 0q i,x /N i,x is the average mass of the cloud ice mode considered. All of the above noted terms are thus evaluated according to the two-ice modes, respectively. The source and sink terms that are not described in the course of this study are all consistent with the operational scheme documented in Doms et al. (2007) . In the operational cloud ice scheme, the cloud ice sink S aud is also included, which is the autoconversion of cloud ice to form snow due to depositional growth.
where m s,0 03)10 (9 kg is the initial mass for snow crystals equivalent to D s,0 0300 mm. This process can reduce the ice crystal depositional growth rate by as much as 65%. Changes in the depositional growth equation described in Section 3.4 and the use of a two-moment formulation suggest abandoning this autoconversion term. Thus, S aud is not considered further on.
Fluctuations induced by turbulent kinetic energy
Homogeneous nucleation is strongly dependent on high cooling rates triggered by high vertical velocities. Thus, upper-tropospheric fluctuations in the wind field would be desirable. For this purpose the turbulent kinetic energy (TKE) is applied as a sub-grid scale velocity for ice nucleation, see, for example, Joos et al. (2008) and Gettelman et al. (2010) . The TKE is treated as a prognostic variable in the COSMO model, as opposed to its diagnostic treatment in the global model GME. This makes it possible to account for vertical diffusion and TKE production through sub-grid scale thermal circulation in the COSMO model (Baldauf et al., 2011) . The TKE scheme therein is based on a hierarchy order 2.5 closure model (based on the classifications introduced by Mellor and Yamada, 1974) . Following Lohmann et al. (1999a) , the vertical velocity used in the proposed cloud ice scheme is calculated from the square root of the TKE and a scalable factor. In the climate model ECHAM5 (European Center Hamburg, version 5), the relation w TKE ¼ 0:7 ffiffiffiffiffiffiffiffiffiffi TKE p for sub-grid scale fluctuations, which is based on an isotropic assumption, is applied (Joos et al., 2008) . This assumption is implemented into the COSMO model with a reduced factor w TKE ¼ 0:5 ffiffiffiffiffiffiffiffiffiffi ffi TKE p . In Lohmann et al. (1999b) , the pre-factor ranges between 0.5 and 1 with low sensitivities. In this work, we chose the lower value of 0.5 for the regional COSMO model, as opposed to the global model used by Lohmann et al. (1999a) . The total vertical velocity for the ice nucleation scheme thus results in w0w COSMO 'w TKE , where w COSMO is the vertical velocity in the COSMO model.
IN budget variable for heterogeneous nucleation
In the heterogeneous nucleation scheme by PDA08, a constant number concentration for each of the three aerosol species is assumed. However, IN are unevenly distributed in the upper atmosphere. A more sophisticated way to represent IN in the cloud ice scheme would be to use a coupled prognostic aerosol model, such as the COSMO-ART (Aerosol and Reactive Trace gases) (Vogel et al., 2009) . Such an interactive aerosol and extensive model would be numerically too expensive for operational use at this time. However, the fixed number of available IN is not realistic and would lead to an overestimation of the number of heterogeneously nucleated ice crystals. A prognostic budget variable for activated IN is introduced to prohibit such an overestimation of nucleated ice crystals due to the amount of predetermined IN. The budget variable N i,nuc is introduced in order to limit newly nucleated heterogeneous ice and account for activated IN. A similar approach is used by Cohard and Pinty (2000) for cloud condensation nuclei and, for example, in Phillips et al. (2007) for IN.
The predefined aerosol number density from PDA08 serves as an initial value and remains constant over all time steps. The available IN are reduced by previously nucleated IN represented by the heterogeneous cloud ice number concentration N i,het . The prognostic formulation of the activated IN number concentration N i,nuc per unit mass reads
where t mix is a mixing time scale. This time scale is an estimation for the mixing in the atmosphere, after which new IN would be available for heterogeneous nucleation. The mixing time scale t mix is derived from the turbulence time scale t 0TKE
(1/2 l, where l is the turbulence length scale (Mironov, 2009 ). This approach for estimating the mixing time scale mostly holds for the lower troposphere and warm, that is, ice free, clouds, and is discussed in Andrejczuk et al. (2009) (36) thus provides a prognostic approach to trace previously activated IN without being numerically too costly. This is a simplified approach to account for so-called nucleation scavenging (Morrison et al., 2005b 
Depositional growth including snow
The depositional growth of cloud ice was discussed in detail in Section 2.4. In the COSMO model, snow also depends on the water vapour resources for deposition and is included in the new depositional growth formulation. The operational depositional growth equation for snow is
where c dep depends on r a q s , the gamma function and assumptions concerning the terminal velocity (Doms et al., 2007) . In eq. (37), n s,0 is a temperature dependent coefficient based on second moment relations and masssize relation from Field et al. (2005) and described in Seifert (2008) . Following Morrison et al. (2005a) yields the formulation of the relaxation time scales analogue to eqs. (23) and (24) for the change of the cloud ice modes and snow mixing ratios with respect to depositional growth
with x #{hom, het, snow} and the general deposition relaxation time
This is the formulation for the deposition rate for the cloud ice modes and snow.
Cloud ice sedimentation
In the operational DWD NWP models, ice crystals are considered non-precipitating; that is, the process of sedimentation is neglected. Yet its importance is emphasised in the studies of, for example, Spichtinger and Gierens (2009a) and Spichtinger and Cziczo (2010) . In the latter, it is stated that the high ice supersaturation found in cirrus clouds are a potential feedback of sedimentation, as the ice crystals fall out prior to ice supersaturation depletion. The impact of the ice crystal terminal velocities on the build-up and decay of cirrus clouds is also stressed by Heymsfield and Iaquinta (2000) , while Jensen et al. (2011) highlight its limiting effect due to radiativeÁdynamic interactions. The implementation of cloud ice sedimentation in the ECMWF global model and its effect on radiation is discussed by Jakob (2002) . Therefore, it is important to include this process in the new cloud ice scheme.
Cloud ice fall velocities are often formulated as empirical functions of the specific ice content (Jakob, 2002) or of temperature and pressure (Heymsfield and Iaquinta, 2000) . Alternatively, the mass-dimension mÁD and area-dimension AÁD relations can be used,
where D is the maximum dimension, a and b the mass-size and g and s the area-size relation exponents depending on the geometry. To account for cloud ice sedimentation in the present study, the sedimentation velocity v T i is introduced into the prognostic equations. The eq. (31) is extended by the sedimentation flux using the terminal velocity v T i for the homogeneous and heterogeneous cloud ice mixing ratios q i,x . The same is done for their ice crystal numbers N i,x
where A q i,x and A N i,x represent the advection terms and S i j x the source terms for both ice modes. In eqs. (41) and (42), the terminal velocity v T i is the same for the number of ice crystals and the cloud ice mixing ratio as the assumption of monodisperse particles is made. This results in the full model equations for the new cloud ice scheme for the COSMO model. The terminal velocity formulation proposed by Khvorostyanov and Curry (2005) is implemented. An overview of this scheme is given in Appendix A.3. By using this scheme, terminal velocities for different geometries, namely hexagonal plates, bullet rosettes and hexagonal columns and their equivalent diameters are depicted in Fig. 7 using the reference air density r a 01.225 kg m (3 . Hexagonal plates are assumed for heterogeneously nucleated ice, while spherical particles are assumed for homogeneously nucleated ice particles. These geometries were already chosen for the depositional growth and are thus consistent.
Idealised COSMO model simulations of orographic cirrus
In the previous Sections 2 and 3, the framework for the new cloud ice microphysics scheme was explained and summarised in Table 2 . Also, further prognostic model variables were implemented for the two-moment two-modes, along with an additional budget variable for activated IN. The whole cloud ice scheme is now tested within the COSMO model environment and sensitivities towards the modifications are investigated. Previous work, for example, by Joos et al. (2014) , has thoroughly studied the interaction of homogeneous and heterogeneous nucleation in an idealised single mountain setup. For a more complex gravity wave pattern our artificial model orography h surf consists of five bell-shaped hills with half-width a 020 km and height h max . The surface topography in the x-direction is given by
Gravity waves develop due to an initial horizontal wind speed of u 0 012 m s (1 . The idealised simulations have a horizontal resolution of Dx01 km, 99 vertical layers and a time step of Dt 08 s are run for 12 hours. Additionally, a 2 km deep layer between 9 and 11 km is initialised with a relative humidity with respect to ice of RH i 0130%. This setup is illustrated in Fig. 8 after a model run time of 8 hours. It shows RH i (Fig. 8a) and the vertical velocity w (Fig. 8b) for a mountain height of 1 km along with the isolines.
The main factors controlling cirrus cloud properties are the variability in vertical velocity and the existence of background aerosols (e.g. Haag and Ka¨rcher, 2004 Phillips et al. (2008) . While stronger updrafts trigger homogeneous freezing of liquid aerosols, the number of IN in the atmosphere governs the heterogeneous nucleation. Haag and Ka¨rcher (2004) state that 0.01 cm (3 IN are a threshold number concentration, above which the heterogeneous nucleation process becomes dominant and the role of homogeneous nucleation is diminished. Even though this value is strongly dependent on the ambient temperature, the cooling rate and the IN freezing need to be further investigated as the controlling factors. Thus, the sensitivity of the ice nucleation processes towards the orographic forcing and available IN is investigated by varying the maximum mountain height h max and the scaling factor for IN x IN . So with h max the ice supersaturation is scaled and with x IN the amount of available IN.
In the following, the competition between the ice nucleation mechanisms for the availability of IN as opposed to the effects of the vertical velocity magnitude induced by gravity waves is compared. As an example, an intermediate setup with h max 01 km and x IN 00.3 is shown in Fig. 8 , in which both nucleation mechanisms are triggered. It shows the number densities for homogeneous freezing n i,hom (Fig. 8c) and heterogeneous nucleation n i,het (Fig. 8d) . When looking at a regime where the two modes are active, the different characteristics of the freezing mechanisms become clearly visible. The mean cloud ice number density n i,het 00.19 dm (3 and maximum n i,het 016.58 dm (3 is much lower than for homogeneous freezing, where the mean value is n i,hom 02.05 dm (3 and maximum n i,hom 01852.91 dm (3 . The thicker, homogeneously formed cirrus are situated in the regions of strong updraft and consequently high ice supersaturation values. Also, the cloud ice mean diameter is much smaller in the regions of strong updraft, that is, regions in which homogeneous nucleation was triggered, while maximum values of D i :150 mm are obtained, where only heterogeneous nucleation was active (not shown). This reduction of the number of ice crystals and subsequent increased effective cloud ice radii is the key effect of IN on cirrus clouds (Haag and Ka¨rcher, 2004) . Figure 8c and d also show that a denser cirrus cloud forms after the first mountain, while the subsequent orographic cirrus are smaller. Due to the horizontal velocity in the upper troposphere, the cirrus clouds drift to the right of the model domain. The number densities for the homogeneously nucleated cloud ice is much lower in this region and could easily be mistaken for having a heterogeneous freezing origin. This clarifies the importance to separate the two cloud ice nucleation modes in order to identify the sensitivities for each mode.
IN in the atmosphere are a necessity for the triggering of heterogeneous freezing. Thus, the limitation of available IN by a simplified IN budget has a large impact on cirrus cloud formation. The heterogeneously nucleated ice particles are larger, making them susceptible to sedimentation, which alters the cirrus cloud properties. The impact of the tracking of activated IN for a mixing time scale of t mix 04 hours and cloud ice sedimentation are shown exemplarily in Fig. 9 . The simulation result after 12 hours is plotted, at which a quasi-stationary state is reached. The mountain height of h max 00.8 km and aerosol scaling factor x IN 03 Khvorostyanov and Curry (2005) result in a heterogeneous freezing dominated scenario. Figure 9a includes the effect of IN tracking and cloud ice sedimentation in the cloud ice scheme. The corresponding number density of the tracking variable n i,nuc is plotted in Fig. 9b . Not tracking the activated IN means assuming a constant amount of available atmospheric IN in every time step. In Fig. 9c the budget variable is not included and thus the amount of heterogeneously nucleated particles is higher A 2 km broad layer between 9 and 11 km is initialised with RH i 0130% where the relative humidity with respect to ice is shown in (a) after the simulation time of 8 hours. The initial conditions for this idealised simulation are RH i 0130%, h max 01 km, u 0 012 m s
(1 and x IN 03, causing both nucleation regimes to be triggered. High vertical velocities in gravity waves are achieved through strong orographic forcing, with the vertical velocity depicted in (b). The cloud ice number density for homogeneous and heterogeneous nucleation are shown in (c) and (d), respectively. than in Fig. 9a . Omitting the IN tracking yields a more stratus-like homogeneous cirrus cloud structure, apart from the first peak, which amounts to n i,het :10 dm supersaturation layer. However, the heterogeneous ice crystal number density in Fig. 9d shows the same variability as in Fig. 9a using the tracking variable. In all plots the same overall structure can be seen. The stratiform cirrus results from the high amount of ice supersaturation available. The primary gravity wave then serves as an additional trigger for the origin of the ice crystal number density maximum at x0200 km with n i,het 050 dm (3 . The horizontal wind causes the ice crystals to be advected downstream. A second maximum, a magnitude smaller than the first, is then visible over the last hill near x0400 km and the ice crystal number density decreases to the right. Thus, the tracking of activated IN reorganises the inner cloud ice crystal distribution, while cloud ice sedimentation changes the vertical structure. In summary, the introduction of the IN tracking, as well as the cloud ice sedimentation process, significantly alters the spatial structure of cirrus clouds. Consequently these changes in the ice nucleation scheme of the model have a strong impact on the interrelation of heterogeneous and homogeneous nucleation.
In the following, a parameter study is performed to investigate the sensitivity of the two nucleation mechanisms with respect to the initial aerosol number density and mountain height. The impact of the sedimentation and budget variable on the varying degree of dominance of the ice modes is of particular interest. The aerosol scaling factor x IN ranging from 0.01 to 10 is multiplied to the total of IN, that is, the dust, soot and organic quantities. A value of x IN 01 represents the IN amount as suggested in Phillips et al. (2008) . The maximum mountain height h max for the five hills ranges between 0.5 and 1.5 km for the parameter study. For the parameter space plots in Fig. 10 , the idealised simulations are sampled over 12 hours regarding the amount of homogeneous cloud ice mixing ratio over the total amount of cloud ice, that is, q i,hom /(q i,hom 'q i,het ). The focus lies on the effect that the introduction of the IN tracking variable and cloud ice sedimentation have on the competition between homogeneous and heterogeneous nucleation. Figure 10a includes all cloud ice model changes. In Fig. 10b the budget variable is not accounted for, whereas in Fig. 10c cloud ice particle sedimentation is not included. Figure 10d neglects the autoconversion of cloud ice to snow. The emphasis lies on the diagonal starting at the bottom left corner and ending at the upper right corner. This marks the transition area between the dominant homogeneous freezing for large orographic forcing and low available IN (upper left hand corner) and the heterogeneous nucleation dominated regime for lower mountain heights and higher IN number concentrations (lower right hand corner).
Comparing the full cloud ice scheme in Fig. 10aÁc , where the IN budget variable and cloud ice sedimentation are neglected, shows that the two regimes are most clearly separated when using the full scheme (Fig. 10a) . Not accounting for these two changes in the cloud ice scheme leads to an increase in the heterogeneous cloud ice mixing ratio and even influences scenarios with high mountain heights and low IN number concentration. Homogeneous freezing dominated regimes are then displaced and only exist for mountain heights above 1000 m when there are hardly any IN available. When only neglecting the budget variable, the competitive behaviour shown in Fig. 10c still looks very similar to plot Fig. 10b for strong orographic forcings. The budget variable has the highest impact for high IN numbers, while the sedimentation has a higher impact on low IN number densities. Omitting cloud ice sedimentation modifies the intermediate regimes and extends the transition between the two nucleation mechanisms, as the larger, heterogeneously nucleated ice particles remain in the orographically induced cirrus cloud and consequently decrease the mass ratio q i,hom /(q i,hom 'q i,het ). Thus, the parameter study stresses the importance of including these processes in order to achieve a more physical representation of the homogeneous and heterogeneous regimes and their competition.
In Fig. 10d , the parameterisation for the autoconversion of cloud ice to snow due to cloud ice crystal aggregation S au is neglected. Otherwise S au is S au ¼ maxðc i;au ðq i À q i;0 Þ; 0Þ
in the operational setup with the coefficient c i,au 010 (3 s
(1 for cloud ice and the autoconversion threshold q i,0 00 (Doms et al., 2007) . Figure 10d shows a clear increase in the dominance of heterogeneous nucleation, even for very low IN. This result indicates that primarily the larger, heterogeneously nucleated ice crystals are transformed into snow through autoconversion. Whereas the explanation sounds plausible, it is astonishing how much impact the individual source and sink terms have and how important it is to account for them diligently. The idealised simulations lead to the conclusion that, on a small scale, homogeneous nucleation is a very important process. They clearly outline its substantial dependency on the vertical velocity as a trigger. Heterogeneous nucleation, on the other hand, is strongly sensitive to the tracking of previously activated IN. Cloud ice sedimentation alters the cirrus cloud structure, enhancing the dominance of smaller, homogeneously nucleated ice crystals, as they do not fall out as quickly as larger, heterogeneously nucleated ice particles. The idealised simulations highlight the different cloud ice properties of homogeneously and heterogeneously nucleated ice. Thus, it is of importance to include both nucleation mechanisms, along with the performed cloud ice scheme improvements in the NWP model, in order to more realistically describe the behaviour of cirrus clouds.
Summary and conclusion
Cirrus clouds are one of the least understood cloud types with a strong impact on climate (Barahona and Nenes, 2008) . We have presented a hierarchy of models to simulate and disentangle the processes which are involved in the formation, growth and dissipation of cirrus clouds. The vertical velocity and the presence of IN are known to be the most important factors for cirrus cloud formation as, for example, stated by Haag and Ka¨rcher (2004) . Our study elucidates the complex interaction of the mechanisms dominating homogeneous and heterogeneous nucleation. For this purpose a two-moment two-mode cloud ice nucleation scheme was developed and tested in a parcel model and idealised COSMO model environment. In the new cloud ice scheme the depositional growth, the cloud ice sedimentation and the fluctuations in the vertical velocity are accounted for, in addition to two new prognostic variables, namely the ice crystal number concentration and the budget variable for activated IN. This scheme was used to examine the mentioned dependencies and atmospheric processes in detail. The resulting new cloud ice scheme is an extension of the operational icemicrophysical parameterisation in the NWP models at the German Weather Service (DWD). In particular, the operational ice microphysics scheme lacks the representation of homogeneous nucleation of liquid aerosol droplets and cloud ice sedimentation. Furthermore, the cloud ice crystal number from the operational cloud ice scheme only includes an empirical parameterisation that describes the increasing number of IN or ice crystals with decreasing temperature, and does not distinguish between different nucleation modes. Though ice supersaturation is permitted as depositional growth is explicitly resolved, as soon as cloud ice is formed it rapidly depletes any existing supersaturation. A limiter is required to prevent more water vapour from being depleted than is available. These deficiencies of the operational ice microphysics scheme make a more physical approach for ice nucleation and ice supersaturation very attractive.
The new cirrus scheme is compatible with both the nonhydrostatic regional model COSMO and the global model GME, which uses a coarser grid and longer timestep. The new scheme ensures numerical stability as well as physical consistency for a wide range of scales. Ice nucleation is described using state-of-the-art parameterisations for homogeneous and heterogeneous nucleation, although heterogeneous nucleation remains a major uncertainty. While the latter mainly depends on the existence of IN, homogeneous freezing of supercooled liquid aerosol occurs in regions with high ice supersaturations and high cooling rates, that is, in strong vertical updrafts. Further extensions to the operational scheme were made, such as particle sedimentation and tracking for activated IN, which is necessary to avoid an overestimation of heterogeneously nucleated ice particles. A relaxation time scale method is applied to achieve a consistent treatment of the depositional growth of the two small-particle ice modes and the larger snowflakes.
An important feature of the microphysics scheme of the DWD models is that the depositional growth process is explicitly modelled. This is not the case in many other, especially global models (e.g. ECMWF's IFS model), which assume in-cloud saturation and consequently convert all humidity exceeding saturation to ice once nucleation is triggered (Tompkins et al., 2007) . However in the COSMO and GME, in-cloud supersaturation is explicitly allowed and in the revised scheme the depletion of supersaturation is physically represented with a relaxation timescale. Such an approach is consistent with observations as, for example, Ovarlez et al. (2002) and Comstock et al. (2004) show in-cloud ice supersaturation to be a common phenomenon. Using 1 year of Raman lidar measurements in 2000 at the Southern Great Plains facility near Lamont, Oklahoma, Comstock et al. (2004) finds that RH i !100% is found in about 31% of the cloudy data points. Khvorostyanov and Sassen (2002) also point out that there is a residual ice supersaturation of 5Á10% a few hours after a cloud has developed. Idealised COSMO model simulations of orographic cirrus were performed in order to better understand the sensitivities concerning the existence of IN and strong vertical updrafts. Opposed to previous studies with a simpler single mountain setup, for example, by Joos et al. (2009 Joos et al. ( , 2014 , we consider a more complex gravity wave setup. This systematic sensitivity study showed that the number of available IN and the detailed choices in the design of the scheme do matter for the competition of heterogeneous versus homogeneous nucleation. Especially the transitional regime, in which both nucleation modes are present, depends strongly on the choice of parameterised processes, second-order processes like IN tracking, and the details of the growth and conversion processes. This sensitivity was demonstrated for the autoconversion of cloud ice to snow, where omitting this term would cause a clear dominance of heterogeneously nucleated ice.
The delicate sensitivity of cirrus clouds to the number of IN available for heterogeneous nucleation does of course ask for a prognostic treatment of aerosols and, eventually, atmospheric chemistry, for example, by using a framework like COSMO-ART (Vogel et al., 2009) . For operational NWP this may only be feasible using a hierarchy of models at different grid spacing, that is, predicting aerosols and chemistry only on the large scale, for example, using the MACC system (Bellouin et al., 2013) as an input for highresolution models that carry only a simplified treatment of the atmospheric aerosol.
The high uncertainty which comes with such delicate sensitivities also highlights the need for reliable observations of the microphysical properties of cirrus clouds. Because of the limitations of our understanding of, for example, heterogeneous ice nucleation and the strong non-linear feedbacks which occur due to the competition of heterogeneous and homogeneous nucleation, a sound empirical basis is crucial for further advancing model development and our understanding of cirrus clouds.
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Appendix
A. Overview of the applied parameterisations In this appendix, a short introduction to the parameterisations which are used in this work is given. These parameterisations include the homogeneous nucleation parameterisations from Ka¨rcher et al. (2006) and Koop et al. (2000) , as well as the heterogeneous nucleation scheme by Phillips et al. (2008) . Moreover, the relevant equations for the cloud ice sedimentation based on Khvorostyanov and Curry (2005) are shown.
A.1. Heterogeneous nucleation
The Phillips et al. (2008) scheme for heterogeneous nucleation accounts for the model temperature, pressure, water vapour mixing ratio and supersaturation ratio. The number concentration of active IN from the IN species X (i.e. DM, BC and O) within a size interval d log D X as described in detail in PDA08 is
which is valid for TB08C and 1BS i 5S i,w where S i,w is the value for water saturation. The function m X comprises various relations for the modes and surface area, giving the average number of activated embryos per insoluble aerosol particle with the size D x . Larger particles have a higher nucleation efficiency due to more effective and active sites. The assumed minimum diameter for an IN is D min 00.1 mm.
The frozen IN fractions n frac,X of the individual groups are calculated by dividing the nucleated ice crystal number concentration through the total initially available number of IN for each IN species IN X . The total heterogeneously nucleated number density n i,het is then calculated by computing the sum over the three aerosol species.
A.2. Homogeneous nucleation In this work, two different homogeneous nucleation schemes are used, namely by Koop et al. (2000) and Ka¨rcher et al. (2006) . These are briefly introduced in the following.
A.2.I. Scheme by Koop et al. (2000) The classical nucleation theory approach uses an explicit nucleation rate J, often given in units of cm Koop et al. (2000) . The nucleation rate is of special interest for solving the analytical equation for the change in number density n i for homogeneous nucleation:
The initial volume V 0 with the typical freezing aerosol radius is r 0 00.25 mm and the aerosol number density prior to freezing n 0 , where realistic values are 100Á300 cm (3 (Minikin et al., 2003; Spichtinger and Gierens, 2009a) . In order to calculate the nucleation rate it has to be noted that the relative humidity RH is assumed to be equal to the water activity a w when pure liquid bulk water is in equilibrium to water vapour. The water activity a w is the ratio of the vapour pressure of the solution to the water pressure of pure water at the same temperature. Thus a w gives the temperature-, concentration-and pressure-dependent water activity of a solution, in this case H 2 SO 4 , and a i w (T, p) of ice. Following Koop et al. (2000) , the nucleation rate is then calculated by
with Da w 0a w Á a i w . This is implemented in the parcel model introduced in Section 2. Homogeneous nucleation is triggered at pressures below 350 hPa and temperatures approximately below 235 K (Ka¨rcher and Lohmann, 2002) , thus the values are chosen accordingly. Exemplarily, the critical nucleation rate for S i,cr , J cr 03(4pr , results in J cr :10 10 cm (3 s (1 for the typical time step for general circulation models (GCM) of Dt020 min (Ka¨rcher and Lohmann, 2002) . In Table 7 .2. in Pruppacher and Klett (1997) this approximated nucleation rate J cr is reached for a supercooling of about 398C, which agrees well with the Koop et al. (2000) results. As Jensen and Toon (1994) state, the nucleated ice crystal number is insensitive to the number of available aqueous aerosols, as the competition for water vapour causes the event to cease.
A.2.II. Scheme by Kä rcher et al. (2006)
The KHL06 parameterisation for homogeneous nucleation takes the competition between the two nucleation processes into account. This is done by using a fictitious vertical velocity w p which accounts for pre-existing ice particles
The parameters needed in the following are latent heat of sublimation L s 02.836 )10 6 J kg As lower velocities cause lower ice supersaturations, reducing the velocity has the same effect as nucleated crystals, reducing the saturation due to depositional growth. The freezing or growth term used in eq. (49) is given by
where n 03.234 )10 (29 m (3 denotes the specific volume of a water molecule with respect to ice and the depositional growth r . i as defined in the kinetic equation used by Ka¨rcher and Lohmann (2002, KL02 hereafter) .
The sensitivity of the cloud ice number density n i towards w is shown in KL02 where the following relation is derived:
This supports the approach of accounting for pre-existing ice through the artificial downdraft term w p . It depends on the vertical velocity and the particle size conditions:
The terms b 1 and b 2 are from the equation for the change in crystal size r . i given by eq. (60) and are based on KL02.
The dependence of the ice crystal numbers on the vertical velocity is also visible in the equation for the ice crystal number density from the KHL06 parameterisation
is the freezing or growth integral analytically solved for a given initial radius r 0 . The analytical estimate of the ice crystal radius at the end of the model time step r i (Dt), as given in KL02, is used to account for the depositional growth immediately after the nucleation event. The terms b 1 0na d n th n sat (S i Á1)/4 and b 2 0a d n th /(4D v C) with the thermal speed of water molecules n th , the diffusion coefficient of water vapour in the air D v vapour in air as stated in Pruppacher and Klett (1997) . The capacitance for spherical particles is C 01 and the deposition coefficient is set to a d 00.5. The function f(k) is an asymptotic expansion including an analytically derived error function to prohibit divergence when k is close to 1 (see detailed derivation in Ren and MacKenzie, 2005) . In eq. (55), d is the dimensionless ice particle size parameter and k is the ratio of time scales of the initial growth and freezing time scale. It is used to distinguish between the slow (k&1) and fast (k'1) growth regime.
A.3. Cloud ice sedimentation
The cloud ice sedimentation scheme is based on Khvorostyanov and Curry (2005) . The terminal velocity is calculated by equating the drag force to the difference between gravitational and buoyancy force. The challenge here lies in determining the Best number
with C D being the drag coefficient, Re the Reynolds number and h the dynamic viscosity. A physically based power-law like representation for the relation between the Reynolds number Re and the Best number X is given by Mitchell (1996) , while Mitchell and Heymsfield (2005) reformulated this in terms of m Á D and A Á D parameters. A continuous formulation over the entire size range of liquid and crystalline particles is presented by Khvorostyanov and Curry (2005) . Additional corrections for the transition of laminar to turbulent flow and change in air density are accounted for. This resulting terminal fall velocity as a function of D as stated in KC05 is Khvorostyanov and Curry (2005) . h is the dynamic viscosity. The equivalent diameter described by eq. (40) is used with the exponents for small hexagonal plates a 00.587, b02.45, g 00.12 and s 01.85 (Mitchell, 1996) .
B. Kinetic and thermodynamic formulation for depositional growth Different formulations where used in Section 2.4.I for the homogeneous and the heterogeneous nucleated ice crystals. First, the kinetic formulation is considered, which becomes important for particles with radii comparable to the mean free path of air molecules, like those evolving from homogeneous nucleation. The kinetic equation for the change in crystal size r . i used in the KHL06 scheme [see eq. (51) 
where D v is the diffusion coefficient of water vapour in air, n th is the mean of the magnitude of the thermal velocity, m w 0M w /N a is the mass of a water molecule with N a being the Avogadro constant. The term n sat 0e si /(k b T) denotes the number density at saturation per unit volume, where k b is the Boltzmann constant. In eq. (60) the value a d 00.5 is the deposition coefficient of water molecules onto ice particles, which are assumed spherical as proposed by Spichtinger and Gierens (2009a) . The mass accommodation coefficient is normally set to one and was neglected in eq. (17). Substituting n sat , eq. (60) and
into eq. (17) 
The thermodynamic equation is based on Maxwell's diffusion equation (Maxwell, 1890) , which was verified by laboratory studies for frozen prolate spheroids with diameters D i larger than 100 mm . Thus the depositional growth of heterogeneous nucleated ice crystals are described by the thermodynamic equation.
Maxwell's diffusion equation is based on steady-state assumptions of a spherical ice crystal in an isothermal surrounding. The formulation as given by Khvorostyanov (1995) and Khvorostyanov and Sassen (1998b) 
The thermodynamically formulated depositional rate used in the operational models of the DWD assume the ice crystals are hexagonal. Thus the form factor for hexagonal plates a i,m 0130 kg m (3 is included and the diameter D i is defined through the ice crystal mass m i 0a i,m D 3 i . The diameter D i is restricted to 200 mm in the models. H i is the Howell factor (Howell, 1949) which incorporates effects arising from the difference in the ambient air and the drop temperature, and thus thermal diffusivity
Without accounting for H i , eqs. (65) and (66) are equivalent. Equation (66) is used for the depositional growth of the heterogeneously nucleated ice crystals in the following. As it is of interest how the kinetic equation is related to the thermodynamic formulation, the rate of change in radius eq. (60) for a d 00.5. Starting out with the kinetic formulation and assuming the ice crystal radii r i 'r i,0 , the kinetic approach can be reformulated by applying the simplification from eq. (68). 
